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Abstract: 
In a context of better management of land resources and development of renewable 
biomass-based chemicals, lignin offers excellent alternative to replace certain fossil-based 
derivatives. Through the integration of green chemistry into biorefineries, and the use of low 
environmental impact technologies, we can establish future supply chains for genuinely green 
and sustainable chemical products. Indeed, lignin can be converted into polyols via several 
processes, mainly liquefaction. Liquefaction is considered an efficient method to generate 
polyols with high content of reactive hydroxyl groups. These final products can be used as raw 
materials for polymer synthesis, like in the production of polyurethanes and polyesters. In our 
study this alternative has been adopted; namely by using conventional heating system and 
microwave heating. The difference between the two is essentially based on energetic terms, 
given that liquefaction processes are usually carried out at high temperatures, using different 
types of liquefaction solvents and in the presence of acid catalysts. The use of microwave 
heating system has various advantages in terms of speed and consumed energy. 
The objective of this study was to compare the liquefaction of sodium lignosulphonate lignin 
by conventional heating system and microwave system. The liquefaction was carried out using 
polyethylene glycol (Mw 400) and glycerol as solvents, and sulphuric acid as catalyst, and the 
conversion yield determined, aiming at achieve the best liquefaction conditions. In fact, several 
process conditions were tested namely the catalyst content (1, 2 and 3%, (w/w, solvent-basis) 
and liquefaction temperature (140, 160 and 180°C). The obtained polyols were characterized 
in terms of their most relevant technical properties: hydroxyl number (IOH), viscosity, and 
unreacted biomass. The chemical structure, which was evaluated by Fourier Transform Infrared 
analysis (FTIR) was also checked. Finally, the properties of the generated polyols were 
compared in order to evaluate the efficiency of both systems. 
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1. Motivation and objectives 
Polymers, commonly called "plastics", are indispensable to our practical life. Their 
widespread use, from the most banal objects (for example in packaging), to technical 
applications (building materials), or to cosmetics and food uses was due to the outstanding 
properties and extended lifetime, among other factors. However, their environmental harmful 
role on the greenhouse gases increasing, together with the drain of fossil reserves associated 
with their recalcitrant properties, are motivating the search for greener alternatives in the latest 
years. Herein, the development of biobased polymers derived from renewable resources is 
becoming a necessity for the future. Among the several available renewable resources, 
lignocellulosic biomass, composed mainly by cellulose, hemicelluloses and lignin, is one of the 
most abundant and cheaper options. In particular, those obtained as residues from agro-
industrial processes are considered as one of the most interesting bioresources. Between the 
lignocellulosic components, lignin is after cellulose, the second most abundant biopolymer 
derived from biomass and represents about 30% of the organic matter in the biosphere. Today, 
the main applications of lignin relate to the use as a back-up fuel, and only 2% of the lignin 
produced is used as raw material for obtaining different products, like surfactants or vanillin. 
Yet, lignin is the only natural polymer with a phenolic skeleton representing a significant source 
of raw materials in organic chemistry that can be used to replace molecules derived from fossil 
sources. However, the complex chemical structure of lignin, together with molecular structure 
variation dependent on the used isolation processes, limits its valorization as a viable source in 
the synthesis of chemical, including polymer synthesis.  
Lignin can be converted into polyols by two main processes: oxypropylation and 
liquefaction. Liquefaction is considered as an efficient method to generate polyols with high 
content of reactive hydroxyl groups. These final products are used as raw materials for polymer 
synthesis, like polyurethanes and polyesters. The liquefaction processes are usually carried out 
at high temperatures, using different types of liquefaction solvents and catalysts. In energetic 
terms, the requirements of this process when conventional heating systems are used is highly 
unfavorable, meaning that more efficient systems are needed. In this sense, the use of 
microwave systems can be advantageous, once the liquefaction is expected to be faster, 
resulting in lower energy consumption. 
Based on the aforementioned, this work will be devoted to lignin liquefaction by using 
a microwave heating system, where polyhydric alcohols will be used as solvents to produce 
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polyols. A systematic study will be performed, by testing different process conditions, in order 
to maximize liquefaction yield. Then, the generated polyols will be characterized in terms of 
their most relevant technical properties: hydroxyl number (IOH), viscosity, unreacted biomass, 
and chemical structure which (evaluated by Fourier Transform Infrared analysis, FTIR).
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2. Introduction 
Our society is facing new challenges, namely the rarefaction of fossil resources is 
forcing the search for new sources of energy and chemical raw materials. On the other hand, 
the increasing of greenhouse gases and pollution promotes the search for eco-responsible 
processes. Currently, the utilization of lignocellulosic biomass is being considered as one of the 
greatest challenges for the scientific community. Lignocellulosic biomass derived from wood 
and agricultural crops residues is considered one of the most abundant renewable raw materials 
in the world. These residues present unique intrinsic properties that can contribute for the 
development of a novel generation of high performance materials. All these factors, constitute, 
certainly, a driving force to promote and consolidate the utilization of renewable materials as 
raw materials for the production of new products, including polymeric materials. 
Lignocellulosic biomass is rich in phenolic and aliphatic hydroxyl groups, as well as on 
carboxyl groups which have reactive hydrogen atoms, making it a very promising material for 
the production of polyurethane materials. Lignin is a crucial component of plant cell walls, 
which is produced in the amount of 5×107 tons annually (Gosz et al., 2018). 
Currently, a vast amount of lignin is generated as a by-product of the pulp and paper 
industry. In general, lignin is used as fuel, and only a small amount (1–2%) is separated to be 
employed in industrial value-added applications (Bruijnincx et al., 2016). The obtained raw 
materials can be used in the production of polyurethanes, epoxy and phenolic resins (Yan et 
al.,2008, Gao et al.,2010, Hu S and Li Y, 2014), adhesives (Lee WJ and Lin MS., 2008), and 
foils (Kurimoto et al., 2000). 
In this context, liquefaction of plant biomass is being studied due to the importance of 
its applications in the field of materials or energy. Based on the purpose and process, 
liquefaction can be classified into hydrothermal liquefaction and solvolytic liquefaction. 
Hydrothermal liquefaction, which is a traditional process, mainly operates under high 
temperatures and high pressure to obtain bio-oil (RunCang S, 2010). The technical edge of this 
process is the bio-crude that is obtained from this process and doesn’t require much 
treatment/upgrading procedures for their commercial utilization, However, the economy of the 
process is highly questionable due to the utilization of high pressure conditions (Gollakota 
A.R.K et al., 2018). 
  
4 
 
The solvolytic liquefaction, which operates under moderate and low temperatures or 
even under atmospheric pressure, has gained more and more importance. Besides the distinctly 
lower energy requirements, solvolytic liquefaction has several advantages compared with the 
other thermomechanical processes: The polymeric constituents of the biomass depolymerize 
only to a desired extent and react subsequently with a specific organic reagent to generate 
various valued-added polymer, chemical precursors or chemicals (Lim et al. 2004) and the 
presence of a solvent keeps the concentration of products low and prevents secondary reactions, 
cross-linking or re-polymerization (Pua et al.,2013).  
2.1. Lignocellulosic biomass 
Lignocellulosic biomass is composed mainly by cellulose (linear glucose 
polysaccharide), hemicelluloses (branched polysaccharides formed by sugars with 5 and 6 
carbon atoms) and lignin (an aromatic polymeric complex). For example, considering wood or 
straw as lignocellulosic biomass, these contain, in average, 45% of cellulose, 25% 
hemicelluloses and 25% lignin (Wertz et al., 2015) (Figure 1). 
 
 
Figure 1.Typical composition of lignocellulosic biomass (Wertz JL et al., 2015). 
 
Regarding the chemical structure, as shown in Figure 2, hemicellulose is a branched 
molecule, while cellulose is a long glucose-formed linear chain, and lignin is mainly composed 
by aromatic units (Yang et al., 2007). 
45%
25%
25%
5%
cellulose
hemicellulose
lignin
others
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Figure 2. Schematic representation: (A) cellulose, (B) hemicellulose, and (C) lignin  
(Gu et al., 2013) 
 
Lignin is contained within the plant cells, filling the cellulose and hemicelluloses fibers, 
and acting as the structural component of the plants (Figure 3). 
 
Figure 3 Overall structure of lignocellulosic biomass (Bamdad et al., 2017). 
 
Lignin is a three-dimensional amorphous polymer and one of the most complex organic 
aromatic polymers present in nature (Zakzeski et al., 2010, Kibet et al., 2012). The exact 
structure of a native lignin network is still unknown. However, it is believed to be derived upon 
three aromatic alcohols: p-coumaryl, coniferyl, and sinapyl, as showed in Figure 4 (Zakzeski et 
al., 2010, de Wild et al., 2012, Kibet et al., 2012). From a chemical point of view, lignin consists 
of phenylpropane units (C6-C3 or C9).  
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The C9 units are linked together by ether bonds (C-O-C), representing approximately 
two-thirds of the inter-unit links, being the remaining units linked by carbon-carbon bonds (C-
C) (Harkin JM, 1969). 
 
 
Figure 4. The three monolignols of a native lignin network: (A) coumaryl alcohol, (B) 
(William et al., 2011). 
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2.2. Lignin conversion into polyols 
Due to lignin molecule complexity, together with the variations on its molecular structure 
derived from different isolation techniques, the conversion of lignin into high value compounds 
is a subject that mobilizes huge efforts from the scientific community in the last twenty years, 
and has been accelerating since 2006 (Sebhat et al., 2015). 
Regarding the lignin valorization through the production of polyols, two main processes 
can be used: oxypropylation and liquefaction. The oxypropylation process can be summarized 
as a process where grafts of propylene oxide molecules are formed within the lignin molecule, 
forming covalent links with the previously activated lignin’s OH groups. These groups are 
activated by a basic catalyst such as KOH. From this reaction, liquid polyols are produced. 
Usually, oxypropylation is made in an autoclave under moderated pressure and temperature 
conditions. 
Liquefaction is a thermochemical treatment that converts solid biomass into liquid or 
solubilized products (Kržan et al., 2005). This process requires the application of temperatures 
(≈150°C) in presence of a solvent (phenol, glycols, water), and a catalyst (acid or base). A wide 
variety of protocols, reactor types and solvents can be used. 
The comparison of the processes evidences the main differences between them: while 
oxypropylation requires moderated pressure and temperature conditions, liquefaction needs 
higher temperatures to be accomplished, being thus less efficient from the energetic perspective. 
However, oxypropylation requires the use of propylene oxide which is considered as a possibly 
toxic substance, while solvolytic liquefaction requires the application of mostly friendly 
solvents such as glycerol or polyhydric alcohols. A description of both processes typical 
conditions is presented in Table 1. To refer that one of the main advantages of using microwave 
energy sources is the fact of requiring low temperatures. 
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Table 1 Comparison of the parameters and the yield of the process of liquefaction and 
oxypropylation of the organosolv lignin 
Process Time 
(min) 
T 
(°C) 
Pmax/ 
(10⁵ 
Pa) 
Solvent 
(w/v) 
Cat(1) 
(%,w/w) 
IOH(2) (mg 
KOH/g) 
Reference 
Oxypropylation 9 150-
285 
17.5 B/PO 
10/40 
KOH 
5 
300-800 Li and 
Ragauskas 
(2012b) 
Microwave 
heating 
liquefaction 
5 155  PEG400/ 
glycerol 
(80:20) 
Sulfuric 
acid (1–3) 
811.8 Sequeiros et 
al. (2013) 
(1) Cat.-Catalyst; (2)IOH -Hydroxyl index. 
2.3. Lignin liquefaction under the biorefinery concept 
 Nowadays strong attention is being paid to the biomass-based biorefinery. A biorefinery 
can be defined as a multiplatform unit where lignocellulosic biomass is converted through 
different processes into intermediates and final products (Rodrigues et al., 2008). 
This units operation is based on the biomass breakdown into its constituent components, 
cellulose, hemicelluloses and lignin by chemical or biological routes. Through hydrolysis, 
process sugars are obtained, which will be further processed in order to generate ethanol by 
fermentation. Converted lignin can be used for energy generation or may be upgraded to other 
products such as etherified gasoline (Crocker and Crofcheck, 2006). From this unit, liquid  
fuels, useful chemicals and environmentally friendly polymeric materials can be obtained via 
different liquefaction techniques such as pyrolysis and solvolysis (Hakkı Alma et al., 2013), as 
it is presented in Figure 5. 
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Figure 5 Strategies for biomass processing according to the biorefinery concept ( Hakkı 
Alma et al., 2013). 
 
Regarding the biomass liquefaction, this process is used to obtain liquefied products 
through complex physical and chemical reactions. Biomass is broken into small molecules in 
the presence of several factors such as heat, pressure, catalyst and solvents. Along the 
liquefaction different types of reactions such as solvolysis, depolymerization, decarboxylation, 
hydrogenolysis, and hydrogenation occur (Demirbas MF, 2009). Liquefaction can be divided 
in two categories, direct and indirect liquefaction. Direct liquefaction corresponds to pyrolysis, 
solvolysis liquefaction and high pressure hydrothermal/solvolytic liquefaction to produce liquid 
tars and oils and/or condensable organic vapors (Hakkı Alma et al., 2013). Indirect liquefaction 
involves the gasification of the biomass followed by, for exemple Fischer-Tropsch synthesis 
that brings the solid feed to a gaseous form prior to yielding a liquid product. Similarly, a 
pyrolysis without the presence of a liqid solvent is also an indirect liquefaction process 
(Beckham G T, 2018). 
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Liquefaction can be applied to the whole biomass or their individual components, like 
lignin. According to several studies, the liquefaction process is usually conducted at 
temperatures around 150°C under atmospheric pressure by using polyhydric alcohols, such as 
polyethylene glycol (PEG) and glycerol as liquefaction solvents and a catalyst (acid or base) 
(Balat M, 2008). The choice of the optimal solvent is relative to the technique; either it is a 
conventional heating system or emerging microwave heating sources (Li et al., 2015). 
The main purpose of this process is to obtain polyols with low residue content. In this 
perspective, parameters with significant effect on lignin liquefaction efficiency are solvent type, 
catalyst type, and liquefaction temperature/time used (Sequeiros et al., 2013). For example, a 
study on the liquification of Organosolv (sugarcane bagasse) showed that the use of a 
conventionnel heating system implied a very high temperature that reaches 250°C, when using 
Ethanol:water (40:10) as solvent and 1-(4-sulfobutyl)-3-methyl imidazolium hydrosulfate as 
catalyst ( Long et al., 2015). Beyond this, other conditions can be used, being summarized on 
Table 2.  
Table 2 Examples of lignin liquefaction processes and used conditions. 
Lignin Process/Heat 
source 
Solven mixture 
(w:w) 
T (°C) 
t (min) 
Cat. 
(%, 
w/w) 
References 
Alkaline 
(corncob) 
G/M PEG400:glycerol 
(80:20) 
 
160 
5–30 
Sulfuric 
acid 
(1.5) 
Xue et al. 
(2015) 
Organosolv 
(olive tree 
pruning) 
G/M PEG400:glycerol 
(80:20) 
130–180 
5–15 
Sulfuric 
acid 
(1–3) 
Sequeiros 
et al. (2013) 
Soda (non-
wood 
biomass) 
G/M Glycerol: glycerin 
Polyglycidyl ether 
(2:10, 3:10, 4:10; 
5:10, 5:15) 
140 
2 
n.u. Bernardini 
et al. (2015) 
Bamboo M Glycerol 
(4/1) 
120 
7 
Sulfuric 
acid 
(1.75) 
Xie et al. 
(2016) 
S-solvent ; T-temperature ;  t-time ;  G-glycolysis ;  M-microwave Cat- catalyst , ; n.u.- not 
used 
2.4. Liquefaction with alcohols 
Different solvents are able to liquefy the lignocellulosic material. The most common are 
the polyhydric alcohols (ethylene glycol, polyethylene glycol 400, polypropylene, ethylene 
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carbonate, glycerol), phenolic solvents (phenol, tetralin/creosote), water, and finally ionic 
liquids (Yuan et al., 2009), The mass ratio biomass/solvent is an important factor mostly 
varying in the consulted studies between 1/1 to 1/5, for the most common solvents (Hejna et 
al., 2016). Regarding the different energy sources, conventional heating and microwave 
systems can be used. Microwave irradiation offers the advantage of being extremely rapid 
throughout the volume of the reaction mixture because it penetrates and produces 
volumetrically distributed heat source. Parameters such as liquefaction temperature and 
reaction time on the liquefaction conversion yield have been extensively studied in several 
investigations. Despite the high conversion yield of microwave liquefaction, the energy 
consumption efficiency during this process and the quality of liquefied products with respect to 
various liquefaction parameters have not been investigated thoroughly (Huang et al., 2017). 
Among the lignin liquefaction using microwave systems, Cinelli and coworkers (Cinelli 
et al., 2013) started by lignin drying at 80°C for 24h. Then the selected solvents, glycerol and 
polyethylene glycol (PEG 400), were putted together with lignin, according to a ratio of 
0.5:0.5:2 (L0.5) and 1:0.5:2 (L1). The mixture was placed in a microwave oven using a power 
of 180W, and a temperature of 135ºC, during 3min. After, the produced polyols characterization 
give a hydroxyl index between 645 to 661 mgKOH/g, depending on the used ratio of substrates. 
In the case of the work developed by Xue and his group, (Xue et al., 2015), lignin was liquefied 
using a mixture of glycerol and PEG 400. Sulfuric acid was used as the catalyst for this reaction 
which was performed through microwave-assisted liquefaction at 140ºC. The achieved yield 
was 97.5% and the obtained polyol was characterized by a hydroxyl index of 863 mgKOH/g. 
In another study, the impact of the reaction time, as well as of chemical composition of the used 
chemical system, on the liquefaction process of lignin were evaluated (Gosz et al., 2018). 
Glycerol and PEG-400 were used as solvents in order to obtain a polyol with a high content of 
hydroxyl groups. Sulfuric acid was used as catalyst for this reaction. After 5min at 155ºC, under 
the presence of 3% of catalyst, the reaction yield reached 99%. The hydroxyl index of the 
obtained polyol was 263 mgKOH/g. Several studies have shown that glycerol can be 
successfully applied as a liquefying agent to produce polyols from different types of biomass. 
Furthermore, crude glycerol has got many advantages to offer, once it has a low economic value 
and it is generated as a by-product during biodiesel production (Gosz et al., 2018). 
Regarding the of microwave heating, its use allow a fast and more efficient heating of the 
entire sample volume (de la Hoz et al., 2005). Microwave heating has many advantages, for 
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example, low energy use, very high heating rate and low treatment time, resulting on the 
improvement of the final product physical and chemical properties. Moreover, it is simple and 
it presents lower risk for the environment, when compared with the alternative counterparts 
(Clark et al., 2000, Yadoji et al., 2003, Agrawal D, 2006, Menezes et al., 2007, Leonelli et al., 
2008). 
To assess their suitability for further applications, polyols obtained from liquefaction 
process are generally characterized in terms of hydroxyl index, acid number, viscosity, and 
molecular weight. Shengjun and coworkers (Shengjun et al.,2014) showed that at the early 
stages of the liquefaction process, a large amount of macromolecules are released, being then 
gradually degraded with the molecular weight of the polyols decreasing accordingly. However, 
the occurrence of re-condensation reactions during the last stage of the process results on the 
molecular weight increment. This will leads to a decrease of the polyol’s hydroxyl index, 
together with an increase of the polyol’s acid number, as the liquefaction proceeds. The 
decrease of polyol hydroxyl’s content is directly related with the presence of oxidation and 
dehydration reactions, where the hydroxyl moieties are consumed. These factors lead to the 
formation of organic acids from the decomposition of lignocellulosic biomass and/or the 
oxidation of polyhydric solvents, which usually results on a decrease of the polyol viscosity as 
the liquefaction process proceeds (Shengjun et al., 2014). 
2.5. Characterization of the liquefaction-Derived Polyols 
The liquefaction-derived polyols are typically characterized in terms of their major 
functional groups (hydroxyl index, acid number), solid residues and viscosity. Moreover, the 
chemical structure is also checked by Fourier Transform Infrared Spectroscopy (FTIR). 
The solid content of polyols results from the unconverted biomass residues and is 
dependent on the liquefaction efficiency. The solids presence is directly related with the 
viscosity, once high solids content results in more viscous polyols, which are more difficult to 
process (Adkins and Chauk, 2007). 
Considering the final application of the polyols, the hydroxyl index is of major 
importance, once it will dictate their utility. The hydroxyl index is generally determined by 
esterification, being the procedure adopted based on the ASTM D1638 standard, and is 
expressed in mg KOH per g of sample (Kafrani and Hossein, 2016, Cateto et al., 2009) 
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 Regarding the FTIR analysis, through the polyol spectra analysis it is possible to identify 
the presence of the major functional groups, among other particularities. It is generally used to 
determine the structure of the bio-based polyol. 
Based on the characterization results, these final products may be used as raw materials 
for polymer synthesis, like polyurethanes and polyesters. 
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3. Materials and methods 
3.1. Reagent grade: 
The reagents used for the liquefaction reaction and polyols characterization are listed in 
Table 3. All the reagents were of analytical grade. 
Table 3 Used reagents for lignin liquefaction and characterization 
 
 
 
Reagent Brand Average Molecular weight 
(g/mol) 
Polyethylene glycol 400 (PEG400) 
HO(C2H4O)nH 
PanReac 380-420 
Glycerol C3H8O3 Merck  
Millipore 
92.1 
Sulfuric acid H2SO4 
95.0-97.0% 
Sigma-Aldrich 98.08 
1.4 Dioxane Riedel- de Haën 88.106 
Sodium hydroxide (NaOH) PA Panreac 40 
Pyridine (C5H5N) PA Panreac 79.10 
Phthalic anhydride (C8H403) PS 
98% 
Panreac 170.16 
Potassium hydrogen phthalate 
(KHP) 
Panreac 204,22 
Imidazole Sigma-Aldrich 68.08 
  
15 
 
3.2. Liquefaction process of lignin: 
Lignin was provided by Borregaard LignoTech, Borresperse NA. It is sodium 
lignosulphonate, and is characterized by uses as dispersant for wettable powders, dry flowables 
and extruded water dispersible granules 
Liquefaction was performed under two different methods; conventional reactor 
liquefaction and Microwave assisted liquefaction.  
3.2.1. Conventional reactor liquefaction: 
A mixture of PEG400 and glycerol in the proportion (90/10, w/w) was used as the 
solvent in the liquefaction process. The solvents are previously dried overnight in a vacuum 
oven at 45ºC. Different catalyst (H2SO4) contents were used (1, 2, 3 wt% of the solvent). The 
catalyst was added into a three neck flask reactor (250 mL) equipped with mechanical stirrer, 
temperature control and condenser (Figure 6). When the temperature of liquefying reactive 
mixture reached the setpoint value (140, 160 and 180°C), a specific quantity of lignin oven 
dried was gradually added. This quantity corresponds to a ratio lignin/solvent of 0.2. The 
mixture was continuously stirred during 1h. The liquefaction process is supposed to give rise 
to a homogeneously liquefied product. After reaching the established reaction time, the flask 
was cooled down to stop the reaction and the liquefied products collected for further use and 
analysis. 
 
Figure 6 Conventional reactor assembly used in the present study. 
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3.2.2. Microwave assisted liquefaction: 
Biotage® Initiator+ represents the latest in microwave synthesis performance (Figure 
7). Reactions are performed in glass vials sealed with caps and heated in the microwave cavity. 
The reaction mixture is continuously mixed by magnetic stirring promoting homogenous 
heating throughout. 
 
 
Figure 7 Biotage® Initiator+ Microwave Synthesizer 
The experimental procedure comprised the mixture of solvent, lignin and catalyst added 
to the vessel (20 mL). The added quantities are equivalent to the ones used in the conventional 
reactor. Lignin-solvent ratio correspondent to 0.2 with PEG400 and glycerol at the proportion 
90/10 (w/w) used as solvent. The catalyst ranged from 1 to 3%. After loading, the vessel is 
incorporated in the microwave equipment. The parameters are settled as follow; temperature 
(180, 160, 140°C), time (7 minutes) pre-stirring (2 minutes). At the end of the procedure, the 
vessel is automatically cooled down. 
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3.3. Characterization 
3.3.1. Liquefaction yield: 
After cooling, 1g of the liquefaction product was diluted in 20 ml of dioxane/water 
mixture (80/20 v/v), and the obtained mixture stirred for 4h. A vacuum-filtration was performed 
via a pre-dried fritted glass filtering crucible with a layer of glass fiber filter (1.6µm) to remove 
the remaining solids, which were thereafter dried to constant mass. The crucible was dried at 
40°C overnight under vacuum. All the measurements were done in duplicate.  
The used system is showed in Figure 8. 
 
Figure 8 Vacuum filtration system 
The liquefaction yield (ƞ) and the residues content (%, w/w) were calculated as the 
weight percent based on the starting sample material according to Eq. 1 and 2.  
Residues (%) = (
𝑾𝟏−𝑾𝟐
𝑾
) × 𝟏𝟎𝟎 Equation 1 
ƞ = (𝟏𝟎𝟎 − 𝑹𝒆𝒔𝒊𝒅𝒖𝒆𝒔)   Equation 2 
Where: 
w1 – weight of the crucible before drying in g 
w2 – weight of the crucible after drying in g 
w  – weigh of the polyol sample in g 
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3.3.2. Acid Values and Hydroxyl Number Determination 
The acidity (An) which can interfere in the hydroxyl index (IOH) determination of the 
lignin-based polyol was determined by titration according to the American Society for Testing 
Materials (ASTM) D1638 standard. 
If samples present acidity or alkalinity the hydroxyl number needs to be corrected. For 
that purpose, 0.4 g of polyol was dissolved in 50 mL of solvent (1.4-Dioxane/water, 4:1, v: v). 
After being totally dissolved, the mixture was titrated with 0.095 M KOH solution in ethanol. 
All measurements were carried out in duplicate. The amount of milligrams of KOH required to 
neutralize the acid present in one gram of sample was calculated following equation 3.  
An = 
(𝑽𝟐−𝑽𝟏)∗𝑴∗𝟓𝟔.𝟏
𝑾
   Equation 3 
Where An = acid number (mg KOH. g−1); 
 V1 = volume of the KOH solution in ethanol needed to titrated the blank (mL); 
 V2= volume of the KOH solution in ethanol needed to titrated the sample (mL), 
 M= Concentration (M) of the KOH solution in ethanol; 
W = amount of sample (g) 
The value 56.1 correspond to the molecular weight of the KOH. 
As for the hydroxyl index, the used reagent used needs to be prepared a day before. For 
that, 140g of phthalic anhydride is dissolved in 2L of pyridine and kept in dark overnight. 
To determine the IOH number, 1g of the polyol is weighted and then mixed with 25mL 
of the phthalic reagent. The samples and the blanks are heated during 30min under 115°C. After 
that, the mixture is cooled at the room temperature and then added with 50ml of pyridine. The 
mixture is titrated with sodium hydroxide solution (0.5M). The IOH number is calculated based 
on the difference between the NaOH volume required for the titration of the blank and the 
volume required for the polyol sample. The titrations were carried out using an automatic 
titrator (TitroLine 6000, SI Analytics) equipped with a glass electrode (Figure 9).  
The hydroxyl index (hydroxyl number) is defined as the amount of KOH in milligram 
equivalent to the OH content in 1 g of liquefied product (mg KOH.g−1). Corrected hydroxyl 
number was calculated using Equation 4. 
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IOH = 
(𝐕𝟏 − 𝐕𝟐) ∗ 𝐂 ∗ 𝟓𝟔.𝟏
𝑾  + An   Equation 4 
Where: 
 IOH = hydroxyl number (mg KOH. g−1); the sample (mL); 
V1 = volume of the NaOH solution needed to titrate the blank (mL);  
V2 = volume of the NaOH solution needed to titrate the sample (mL);  
C = is the NaOH concentration, in mol/L  
W= amount of sample (g); and An = acid number (mg KOH. g−1). 
56.1 corresponds to the molecular weight of KOH;  
 
 
Figure 9 Automatic titrator Titroline 6000, SI Analytics. 
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3.3.3. Viscosity (µ):  
This procedure was carried out using a viscometer Visco Star Fungilab, with concentric 
cylinders. It is equipped with a heating/cooling system that allows the control of the 
experimental temperature. The most suitable spindle for the measurements done in this work 
was the TL7. The used sample volume was 9.5mL. 
At first the required sample volume is introduce in the cylinder, thereafter put back in 
the system and the spindle introduced in it. This procedure is performed under 25°C. It is 
important to start at the lowest cutting speeds to choose the one that allows to obtain values of 
%EOS (parameter of the measurement control of viscometer) near 90%. 
The viscosity reading is kept until a constant viscosity value is reached, or, if this is not 
possible, the value that remains constant for 30 minutes is accepted. 
This procedure is repeated twice for each polyol in a way that the difference between 
two measurements doesn’t surpass 3%. 
3.3.4. Fourier Transform Infrared Spectroscopy:  
A FTIR Bomem, Model MB 104, operating in the medium infrared range (500-4000 
cm-1) was used. The used software was Grams /32, being used to analyze and processing data 
in order to identify the main vibrations of the characteristic chemical groups.  
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4. Results and discussion 
4.1. Effect of reactor type on liquefaction 
To fully investigate the effect of the used liquefaction procedure (conventional or 
microwave heating) on lignin liquefaction, the reaction parameters were maintained identical 
for the two procedures (i.e., the conventional reactor or microwave reactor), As previously 
mentioned, the use of a microwave reactor provides numerous advantages, including rapid heat-
up times, lower degradation of reagents and efficient energy absorption, to yield results similar 
to the ones achieved with conventional heating methods, The used experimental conditions in 
microwave reactor and conventional reactor modes are described in Table 4. 
Table 4 the experimental conditions used for the microwave conventional reactor modes. 
Reactor Type Temperature (°C) Time (minutes) 
conventional reactor 140, 160, 180 60 
Microwave reactor 140, 160, 180 7 
 
Traditional heating depends on convection and thermal conductivity of materials, we 
have a certain loss of energy that leads to a lower temperature inside the vessel than required. 
(Krzan and Zagar 2009).  
In contrast, microwave irradiation heats the bulk of the materials simultaneously by 
dipolar polarization and ionic conduction. The ability of a specific material or solvent to convert 
microwave energy into heat at a given frequency and temperature is determined by the tan δ of 
that material. In general, a reaction medium with a high tan δ has a good absorption of 
microwave energy and results in efficient heat. Ethylene glycol has a high tan δ value of 1.35, 
compared to that is 0.123 of water (Kappe., 2008). When PEG, the polymer form of ethylene 
glycol, was used as the liquefaction solvent and subjected to microwave heating, the 
temperature of the reaction system increased very quickly to the required temperature, and the 
liquefaction reaction likely reached an equilibrium stage within 3 min. The reaction could then 
be controlled by some other factors, such as the efficiency of the catalyst, rather than 
liquefaction temperature.  
The advantages attributed to the microwave heating system makes it more and more 
interesting to adopt. 
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4.1.1. Effect of solvent type and catalyst on liquefaction 
The liquefaction process is generally carried out at high temperatures, employing 
appropriate reagents and catalysts that have reactivity towards the lignin. In most of the 
literature works, the liquefaction reagents are alcohols such as phenols or glycols, e.g. glycerol 
and polyethylene glycol (PEG). The catalysts mostly used are strong acids like sulfuric acid. In 
this process the lignin is firstly degraded into fragments of lower molecular weight. The 
decrease of the molecular weight was also due to the incorporation of a large amount of PEG 
and glycerol. Then, the polyols are said to be formed by condensation reactions between the 
hydroxyl groups of glycerol and/or polyethylene glycol (PEG) and those of lignin, this leads to 
ether bonds in the liquefied products. 
In the last step, fragments of residual lignin are produced due to self-polymerization 
reaction (Zhen et al., 2017) and the fragments re-condensed to form the residue. 
Literature data confirm that glycerol can be successfully applied as a liquefying agent 
to the manufacturing of polyols from various types of biomass. 
Advantages of glycerol in liquefaction process can be summarized as follows: 
 Higher boiling/thermal degradation temperature; 
 Polarity; 
 Dehydration effect; 
 By-product from biodiesel and soap productions. 
The addition of glycerol to PEG400 plays a key role on the acceleration of the 
liquefaction rate and the retardation of the re-condensation reactions to enhance polyol 
formation yield. The ratio of PEG400 to glycerol for biopolyol synthesis was optimized in order 
to maximize the biomass conversion. This is the case of Yoon Ju.J and coworkers (Y.J. Jo et 
al.,2015) who used a PEG400 to glycerol ratio varying in the range of 5:5 to 10:0 (w/w). It was 
found that the biomass conversion increased as the ratio of PEG400 to glycerol was increased 
from 5:5 to 9:1 (w/w). 
Conversely, the biomass conversion decreased as the ratio of PEG400 to glycerol ratio 
was increased from 9:1 to 10:0 (w/w). In terms of the viscosity of the biopolyol, it decreased as 
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the ratio of PEG400 to glycerol increased from 5:5 to 9:1 (w/w), and then increased as the ratio 
was further increased.  
 Increasing the content of polyethylene glycol in the liquefaction solvent could 
accelerate the liquefaction, and thus increase the biomass conversion. However, when using 
pure PEG400 as the liquefaction solvent, the biomass conversion was lower when compared to 
the situation where a mixed solvent (PEG400/glycerol = 9/1) is used. This is due to the fact that 
glycerol greatly retarded the re-condensation and/or re-precipitation of the liquefied products. 
According to some works published in the literature (Y. Jin et al., 2010, Yip. J et al 
2009), it was found that the smaller the molecular weight PEG, the more beneficial it was for 
the liquefaction under the same processing conditions, and the liquefaction efficiency reached 
the highest rates.  
The obtained results are roughly in accordance with the data published in literature when 
PEG400 was chosen as the main liquefied solvent for lignin (Appendix A, B). The hydroxyl 
number of liquefaction product, obtained by using PEG400 as the main liquefied solvent, 
reached 302 mg KOH/g using conventional reactor (conventional heating system) and 407 mg 
KOH/g (microwave reactor). Sulfuric acid promoted not only the degradation of lignin in the 
earlier stages but also the re-condensation of fragments in the later stage (Ge et al., 2003). 
Especially, lignin fragments are more apt to re-condense in acid medium (Chen and Lu, 2009).  
In this work it was showed that the hydroxyl number decreased as the sulfuric acid to 
solvent ratio increased from 1% to 3%, whereas the residue content decreased as shown in 
Figure 10. These results pointed out that, increasing the catalyst loading reduces considerably 
the obtained residues. Also the type of reactor influences this parameter. It was found that 
microwave heating system gives rise to lower residues content, comparatively with 
conventional heating system when using the same experimental parameters. 
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a)  
b)  
Figure 50 The effect of acid concentration for, (a) conventional reactor (b) microwave 
reactor, on residues content, Reaction conditions: temperature, 140°C; liquefaction solvent, 
PEG400/glycerol = 9/1 
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4.2. Effect of temperature on the liquefaction 
The liquefaction temperature is an important factor that impacts on the achieved 
residues content and energy saving. Raising the temperature would promote the decomposition 
of lignin and increase re-condensation reactions of the liquefaction intermediates (Chen and Lu, 
2009).  
Liquefaction yield increased rapidly with temperature increase. In this study, the 
temperature ranged from 140 to 180°C. It was found, as shown in table 5, that when the 
liquefaction temperature was 140°C, the hydroxyl number of the product reached the highest 
value (259.40 mg KOH/g), for the conventional reactor, and 407.40 mg KOH/g for microwave 
reactor. In terms of residues content, it was reached 4.33% and 2.09%, respectively for 
conventional and microwave reactor. This residues values are quite predictable since they are 
relative to the lowest catalyst concentration, and as previously mentioned, the hydroxyl number 
decreased as ratio of sulfuric acid to solvent increases. By increasing the temperature, it is 
noticed an increase in the hydroxyl number, and a decrease in the residue content. Figure 12 
reflects this results, i.e. when the liquefaction temperature raised to 160°C, the hydroxyl number 
was 302 mg KOH/g, and the residue content 2.48% in the conventional reactor case. The 
opposite happens for the microwave reactor, where the hydroxyl number decrease to 213 mg 
KOH/g and the residues content goes to 2.64% 
When the temperature is higher than 160°C, the hydroxyl number decreased and the 
residues reached higher values. This could be explained by the fact that the hydroxyl groups 
were decomposed and converted to products, such as organic acids, at high temperatures. Re-
polymerization of liquefied products took then place and the residue percent slightly increases. 
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Table 5 Unreacted residues and hydroxyl number for polyols obtained at 140°C,160°C 
and 180°C using different catalyst to solvent ratios (1%, 2%, 3%) for conventional reactor and 
microwave reactor. 
Temperature Sulfuric 
acid 
ratio 
Hydroxyl number Residues content 
  conventional  
Reactor 
Microwave 
reactor 
conventional  
Reactor 
Microwave 
reactor 
140 3% 196.21±9.79 323.28±11.08 1.12±0.19 0.58±0.51 
2% 254.72±7.64 329.85±29.9 2.36±0.3 1.11±0.24 
1% 259.40±5.48 407.40±6.97 4.33±0.29 2.09±0.18 
160 3% 282.30±1.8 329.22±3.03 0.99±0.01 0.81±0.12 
2% 313.20±7.63 357.19±11.06 1.29±0.4 1.78±0.012 
1% 302.33±17.89 213.36±12.07 2.48±0.29 2.64±0.24 
180 3% 196.93±2.72 313.44±5.64 1.34±0.32 0.62±0.12 
2% 211.68±1.58 318.52±17.48 3.65±0.12 0.83±0.22 
1% 296.44±3.46 381.67±2.37 2.50±0.21 2.76±0.091 
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 a) 
 
b) 
Figure 61 The effect of acid loading for, (a) conventional reactor (b) microwave reactor, 
on residues content and hydroxyl number. Reaction conditions: temperature, 160°C; 
liquefaction solvent, PEG400/glycerol = 9/1 
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4.3. Hydroxyl number 
As shown in the Figures 12 and 13 the hydroxyl number decreases by increasing the 
catalyst concentration. For the conventional reactor, and for the lowest temperature, the value 
has dropped from 259.03 mg KOH/g to 187 mg KOH/g by increasing the catalyst concentration 
from 1% to 3%. However, for the microwave reactor, the hydroxyl number is much higher 
under the same conditions; a value of 407 mg KOH/g has been recorded for a concentration of 
1% of H2SO4, which drops to 323 mg KOH/g for 3% of catalyst. 
By raising the temperature to 160°C, different behaviors in both reactors were achieved. 
For the conventional reactor the hydroxyl number raises, when compared to the value at 140°C, 
yet it decreases for when using the microwave reactor. However, by conducting the reaction 
above 160°C, the hydroxyl number deceases dramatically, for both cases, to reach their lowest 
values; 297 mg KOH/g, 196 mg KOH/g respectively for microwave heating system and 
conventional heating system. 
 
Figure 72 Evolution of hydroxyl number as a function of catalyst concentration for the 
series 140°C, 160°C and 180°C using conventional heating system. 
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Figure 83 Evolution of hydroxyl number as a function of catalyst concentration for the 
series 140°C, 160°C and 180°C using microwave heating system. 
4.4. Liquefaction Yield and Viscosity 
The liquefaction yield increased by increasing the catalyst concentration, however, the 
liquefaction yield was slightly reduced when the temperature reaches 180°C. This could be 
attributed to the re-condensation polymerization of the lignin fragments during the liquefaction 
process. In contrast, according to recently published literature of Jin and coworkers (Jin et al., 
2011)  the optimal liquefaction yield under conventional heating condition was 98.4%, but the 
hydroxyl number of the liquefied products were relatively low. Moreover, the liquefaction time 
was long (60 min). Sequeiros et al (2013), showed that the optimal liquefaction yield under 
microwave heating could reach up to 99.07%; however, the reaction temperature was 155 °C 
(Se. Accordingly, 20 min was the optimal reaction time for microwave-assisted liquefaction of 
the lignin, with a maximum liquefaction yield of 98.75%. A fact should be considered, i.e. that 
the shorter times in the microwave-assisted liquefaction, comparatively with conventional 
reactions, can contribute to the flexibility of the process facilitating the development of a 
continuous process. Furthermore, the microwave heating time did not significantly influences 
the liquefaction yield; thus, 5 min could be selected as the alternative microwave heating time.  
In this study, 7 min in a microwave reactor were enough to obtain ≈ 99% of conversion 
yield, and products with a hydroxyl number close to 300 mg KOH/g  
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The viscosity was found to be dependent on the composition of the liquefying agent. 
Thus, the viscosity evolution revealed that, within a series, it increased with the catalyst content 
increase, as shown in the figure 14. However, increasing the reaction temperature, viscosity of 
the ensuing polyols decreased. This is probably due to a higher reaction extent, as expected 
from higher reaction temperatures. 
The data revealed that, for the microwave reactor, the viscosity oscillated in the same 
range, the lowest value was 0.626 Pa.s, whereas the highest was 0.926 Pa.s, for a conversion 
yield between 97% and 99%. As previously mentioned, condensation of solvent occurs during 
the liquefaction process, suggesting the generation of higher molecular weight products, hence 
contribute to the increase in viscosity. 
The viscosity of the obtained polyols, when using conventional heating, was higher and 
a different behavior was showed. By raising the temperature from 140°C to 180°C, the viscosity 
goes from 0.77 Pa.s to 85 Pa.s. This can be explained by the fact that due to the increase of the 
pressure inside the reactor during heating, some of the solvent is lost by evaporation since the 
device was not welded. This phenomenon has led to a significant increase in the viscosity of 
the liquefied products produced under high temperatures.
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a)  
b)  
Figure 94 Evolution of viscosity at 25°C as a function of catalyst content for the series 
140°C, 160°C and 180°C: a) conventional reactor and b) microwave reactor. 
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4.5. FTIR analysis of biopolyol 
Figures 15 and 16 present the FTIR analysis of the produced biopolyols. The relatively 
large peak at 3300-3400 cm-1 corresponds to the stretching vibrations of hydroxyl groups, the 
signals in the 2940–2870 cm−1 region were attributed to the stretching of CH3, CH2 and CH 
aliphatic groups (Collier et al. 1997). On the other hand, the stretching vibrations associated 
with the C–O and C=O groups were assigned at 1220 cm−1 (Schwanninger et al. 2004). The 
bands characteristic of the C–O–C ether groups were found in the range of 1050–1000 cm−1; 
their intensity suggests that the obtained polyol is polyether based polyol (Gottwald and 
Watcher 1997; Grube et al. 2006; Cai et al. 2007). The peak observed at 940 cm−1 resulted from 
the C=C or C–H out-of-plane vibrations of the aromatic rings of the lignin (Faix., 1991). The 
overall data is summarized in Table 6. 
Table 6 Identification of the different chemical functional groups present in the 
produced polyols 
Wavenumber (cm-1) Identification Comment 
3401-3408 O-H Large peak 
2863-2870 CH2 Small peak 
1050–100 C–O–C Sharp peak 
1220 C–O Small peak 
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Figure 15 FTIR analysis of the polyols obtained with the conventional heating system at different                          
temperatures (a: 140°C, b: 160°C, c: 180°C) 
 
Figure 106  FTIR analysis of the polyols obtained with the microwave heating system at different temperatures (a: 
140°C, b: 160°C, c: 180°C) 
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5. Conclusions and future work 
As the most abundant aromatic polymer in earth, lignin has a great potential commercial 
value due to its properties. However, the complex and irregular structure of lignin poses large 
obstacles to its use. To disrupt the structure, heating is normally adopted and considered as an 
effective procedure. Among the current technologies for heating, microwave irradiation has 
been widely used and proven to be efficient for biomass conversion. 
Although lignin has the potential to be converted into chemicals, there are only a few 
commercial scalable processes, such as vanillin production. The situation is mainly caused by 
the lack of competitive technology. In this study, it was showed thar lignin liquefaction into 
biopolyols is a promising strategy due to its feasibility.  
Microwave and conventional conventional reactor were employed to liquefy lignin 
using crude glycerol and polyethylene glycerol as solvent. The liquefaction was achieved 
successfully in both reactors. The biopolyols were synthesized at three temperatures (140°C, 
160°C and 180°C). The liquefaction was achieved successfully in both reactors and under the 
three setpoint temperatures. Lignin-based polyols were characterized in what concerns 
hydroxyl number, biomass conversion, viscosity, and structure. The results showed that the 
biopolyol obtained in the conventional reactor, and produced at a temperature of 160 °C with a 
catalyst concentration of 2%, has the following technical properties: IOH = 313.2 mg KOH/g, 
R = 1.29%, and μ = 1.003 Pa.s. For 3% catalysts the following polyol was achieved: IOH= 
282.3 mg KOH/g; R = 0.99%; µ = 1.273 Pa s. These polyols might be suitable to be used in 
polymer synthesis. The biopolyols obtained with the microwave reactor have the following 
properties: IOH = 407.4 mg KOH/g; R = 2.09%; μ = 0.788 Pa s, and IOH = 329.85 mg KOH/g; 
R = 1.11%; μ = 0.926 Pa.s, for 140 ºC and 1% and 2% catalyst, respectively. In a general way, 
by increasing the catalyst concentration a decrease in the hydroxyl number was observed. Also 
for temperatures above 160°C the hydroxyl number decreases. 
This study pointed out that liquefaction of lignin using glycerol and polyethylene 
glycerol is a promising alternative to petroleum-based materials, and the application of 
microwave heating significantly shortens the reaction time, which has a positive effect on the 
costs of the final product, namely when comparing with the conventional heating process. 
 The difference in the liquid products obtained from conventional and microwave 
reactors may be attributed to different reaction pathways. In general, increasing the reaction 
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temperature from 140°C to 180 °C increased product yield. Proximate results were obtained in 
microwave system and conventional heating system, but with lower energy and catalyst use. 
The product from liquefied lignin polyols could potentially be developed and turn into a 
marketable product. 
The work could be enriched by studding other parameters and by using other 
characterization techniques such GPC and NMR. Also the work can be enriched by performing 
thermogravimetric analysis. 
The developed work will be presented in the Conference on Green Chemistry and 
Nanotechnologies in Polymeric Materials which will be help in Riga, Latvia (9-11 October 
2019). 
  
  
36 
 
References 
Adkins R L, Chauk S S. Low viscosity polymer polyols characterized by a high hydroxyl 
number. EUROPEAN PATENT APPLICATION, EP1762578A1, 2007. 
B, Berrima. Etude structurale et chimique de la lignine d'Alfa et sa valorisation comme 
macromonomère et/ou précuseur du charbon actif. Génie des procédés. Université 
Grenoble Alpes, <NNT : 2015GREAI071>. <tel-01259480>, 2015. 
Bamdad h, Hawboldt K, MacQuarrie S. A review on common adsorbents for acid gases 
removal: Focus on biochar. Renewable and Sustainable Energy Reviews Volume 81, 
Part 2, January 2018, Pages 1705-1720 DOI: 10.1016/j.rser.2017.05.261, 2017. 
Bruijnincx P, Gruter G J, Westenbroek A. Lignin Valorisation: The Importance of a Full Value 
Chain Approach. Dutch Biorefinery Cluster, 2016, 2016. 
Cai Z, Gao J, Li X, Xiang B. "Synthesis and characterization of symmetrical benzodifuranone 
compounds with femtosecond time-resolved degenerate four-wave mixing technique." 
Opt Commun, 2007: 272:503–508. https ://doi.org/10.1016/j.optco m.2006.11.056. 
Cateto C A, Barreiro M F, Rodrigues A E, Belgacem M N. Optimization Study of Lignin 
Oxypropylation in View of the Preparation of Polyurethane Rigid Foams. Ind. Eng. 
Chem. Res. 2009, 48, 2583–2589, DOI: 10.1021/ie801251r, 2009. 
Chang T.C, Chiu Y.S, Chen H.B, Ho S.Y. Degradation of phosphorus-containing 
polyurethanes. Polym. Degrad. Stab., 47, pp. 375-381. , 1995. 
Chen, F.G., Lu, Z.M.,. "Liquefaction of wheat straw and preparation of rigid polyurethane foam 
from the liquefaction products." Journal of Applied Polymer Science, 2009: 111, 508–
516 https://doi.org/10.1002/app.29107. 
Cinelli P, Anguillesi I, Lazzeri A. Green synthesis of flexible polyurethane foams from 
liquefied lignin. European Polymer Journal June 2013 49(6):1174–1184 DOI: 
10.1016/j.eurpolymj.2013.04.005, 2013. 
Clark DE, Folz DC, West JK. Processing materials with microwave energy. Materials Science 
and Engineering: A, Vol. 287, No. 2, 2000, pp. 153-158. doi:10.1016/S0921-
5093(00)00768-1, 2000. 
  
37 
 
Collier W, Kalasinsky V, Schultz T. "Infrared study of lignin: assignment of methoxyl C–H 
bending." Holzforschung, 1997: 51:167–168. 
https://doi.org/10.1515/hfsg.1997.51.2.167. 
Crocker, M. and Crofcheck, C. Biomass Conversion to Liquid Fuels and Chemicals. Energeia 
17 (6): 1-6., 2006. 
D, Agrawal. Microwave sintering, brazing and melting of metallic materials. In: Proceedings 
of the Sohn interna-tional symposium advanced processing of metals andmaterials, San 
Diego, CA, 27–31 August 2006, vol. 4,pp.183–192. The Minerals, Metals & Materials 
Society(TMS), Warrendale, PA, 2006. 
de la Hoz A, Diaz-Ortiz A, Moreno A. Microwaves in organic synthesis. Thermal and non-
thermal microwave effects. Chemical Society Reviews. 2005 Feb;34(2):164-78. DOI: 
10.1039/b411438h, 2005. 
de Wild, P. J., W. J. J. Huijgen and H. J. Heeres. Pyrolysis of wheat straw-derived organosolv 
lignin. Journal of Analytical and Applied Pyrolysis, 93, 95-103. 
https://doi.org/10.1016/j.jaap.2011.10.002, 2012. 
Dege G.J., Harris R.L, MacKenzie J.S. Terminal Unsaturation in Polypropylene Glycol. Journal 
of the American Chemical Society 1959 81 (13), 3374-3379 DOI: 
10.1021/ja01522a056, 1959. 
D'Souza J, Camargo R, Yan N. Biomass liquefaction and Alkoxylation: a review of structural 
characterization methods for bio-based polyols. Journal Polymer Reviews vol 57, 2017 
- Issue 4 668-694, DOI: 10.1080/15583724.2017.1283328, 2017. 
Ebert, M., Ward, B., Anderson, J., McVenes, R., and Stokes, K. In vivo biostability of polyether 
polyurethanes with polyethylene oxide surface-modifying end groups; resistance to 
biologic oxidation and stress cracking. Journal of Biomedical Materials Research Part 
A 75A(1), 175-184. DOI: 10.1002/jbm.a.30396, 2005. 
F.M.B., Delpech M.C. & Coutinho. Waterborne anionic polyurethanes and poly(urethane-
urea)s: influence of the chain extender on mechanical and adhesive properties. Polym. 
Test., 19, pp. 939-952. , 2000. 
  
38 
 
F.M.B., Delpech M.C. and Coutinho. Waterborne anionic polyurethanes and poly(urethane-
urea)s: influence of the chain extender on mechanical and adhesive properties. Polym. 
Test., 19, pp. 939-952., 2000. 
Faris AH, Mohamad Ibrahim M N, Abdul Rahim A, Hussin M H, Brosse N. Preparation and 
Characterization of Lignin Polyols from the Residues of Oil Palm Empty Fruit Bunch. 
Bioressources 10(4), 7339-7352, 2015. 
Gandini A, Belgacem MN. Monomers, polymers and composites from renewable resources. 
1st edn. Elsevier Science, Amsterdam, 2008. 
Gandini A, Belgacem MN, Guo Z-X, Montanari S. Lignins as macromonomers for polyesters 
and polyurethanes. Chemical Modification, Properties, and Usage of Lignin. Springer, 
Boston, MA doi: 10.1007/, 2002. 
Gao LL, Liu YH, Lei H et al. Preparation of semirigid polyurethane foam with liquefied 
bamboo residues. Journal of Applied Polymer Science 116:1694–1699. 
https://doi.org/10.1002/app.31556, 2010. 
Ge, J.J., Wu, R., Deng, B.L., Shi, X.H., Wang, M., Li, W.J.,. "Studies on the biodegradable 
polyurethane materials based on bagasse (I) The liquefaction of bagasse and preparation 
of polyether ester polyol." Polymeric Materials Science & Engineering , 2003: 19, 194–
198. 
Glasser WG, Leitheiser RH. Engineering plastics from lignin. Polymer Bulletin (1984) 12: 1. 
https://doi.org/10.1007/BF00258264, 1984. 
Gollakota A.R.K, Kishore N, Gu S. A review on hydrothermal liquefaction of biomass. 
Renewable and Sustainable Energy Reviews, Volume 98, Pages 515-517, 
https://doi.org/10.1016/j.rser.2017.05.178, 2018. 
Gosz K, Kosmela P, Hejna A, Gajowiec G, Piszczyk L. Biopolyols obtained via 
microwave-assisted liquefaction of lignin: structure, rheological, physical and thermal 
properties. Wood Science and Technology (2018) 52:599–617 
https://doi.org/10.1007/s00226-018-0991-4, 2018. 
Gottwald W, Watcher G. "IR-Spektroskopie für Anwender. ." Wiley-VCH, Weinheim, 1997. 
  
39 
 
Grube M, Lin JG, Lee PH, Kokorevicha S. "Evaluation of sewage sludge-based compost by 
FT-IR spectroscopy ." Geoderma , 2006: 130:324–333. https ://doi.org/10.1016/j.geode 
rma.2005.02.005. 
Gu X, Ma Y, Li L, Liu C, Cheng K, Li Z. Pyrolysis of poplar wood sawdust by TG-FTIR and 
Py–GC/MS. Journal of Analytical and Applied Pyrolysis 102 (2013) 16–23 
https://doi.org/10.1016/j.jaap.2013.04.009, 2013. 
Hejna A, Kosmela P, Kopczynska H, Haponiuk J. Microwave assisted liquefaction with crude 
glycerol as potentiel method of Brewer's spent grain utilization. Chemistry & Chemical 
technology Vol. 10, No. 4, 2016 https://doi.org/10.23939/chcht10.04.445, 2016. 
Hu S, Li Y. Polyols and polyurethane foams from acid-catalyzed biomass liquefaction by crude 
glycerol. Journal of Applied Polymer Science 131:9054–9062. 
https://doi.org/10.1002/app.40739, 2014. 
Huang, X. Y., Li, F., Xie, J. L., De Hoop, C. F., Hse, C. Y., Qi, J. Q., and Xiao, H. Microwave-
assisted liquefaction of rape straw for the production of bio-oils. BioRes. 12(1), 1968-
1981, DOI: 10.15376/biores.12.1.1968-1981, 2017. 
Jin Y, Ruan X, Cheng X, Lu¨ Q. "Liquefaction of lignin by polyethyleneglycol and glycerol." 
Biores Technol, 2011: 102:3581–3583 https://doi.org/10.1016/j.biortech.2010.10.050. 
JM, Harkin. Lignin and Its Uses. Chemist in Forest Products Laboratory, Forest Service, US 
Department of Agriculture., 1969. 
Joffres B, Laurenti B, Charon D, Daudin A, Quignard A, Geante C. Thermochemical 
Conversion of Lignin for Fuels and Chemicals: A Review. Oil & Gas Science and 
Technology Rev. IFP Energies nouvelles, Vol. 68 , No. 4, pp. 753-763 <hal-00909054>, 
2013. 
Kafrani T, Hossein M. Vegetable Oil-based Polyols and Some Novel Analytical Techniques 
Used in Their Development. The Faculty of Graduate Studies and Research, 
https://doi.org/10.7939/R3959CD0Q, 2016. 
Kibet J, Khachatryan L, Dellinger B. Molecular Products and Radicals from Pyrolysis of 
Lignin. Environ. Sci. Technol., 2012, 46 (23), pp 12994–13001, 2012. 
  
40 
 
Kibet, J., L. Khachatryan and B. Dellinger. Molecular Products and Radicals from pyrolysis of 
lignin. Environmental Science & Technology 2012 46 (23), 12994-13001 DOI: 
10.1021/es302942c, 2012. 
Kržan A, Kunaver, Tišler V. Wood Liquefaction Using Dibasic Organic Acids and Glycols. 
Acta Chimica Slovenia. 2005, 52 (3) , 253–258, 2005. 
Krzan A, Zagar E. "Microwave driven wood liquefaction with glycols." Biores Technol, 2009: 
100:3143–3146 https://doi.org/10.1016/j.biortech.2009.01.057. 
Kunaver M, Jasiukaityte E, Čuk N, Guthrie JT. Liquefaction of wood, synthesis and 
characterization of liquefied wood polyester derivatives. Journal of applied polymer 
science 115: 1265–1271, 2010 https://doi.org/10.1002/app.31277, 2010. 
Kurimoto Y, Takeda M, Koizumi A et al. Mechanical properties of polyurethane films prepared 
from liquefied wood with polymeric MDI. Bioresource Technology 74 (2000) 151-157 
https://doi.org/10.1016/S0960-8524(00)00009-2, 2000. 
Lee WJ, Lin MS. Preparation and application of polyurethane adhesives made from polyhydric 
alcohol liquefied taiwan acacia and china fir. Journal of Wuhan University of 
Technology-Mater. Sci. Ed. (2016) 31: 918. https://doi.org/10.1007/s11595-016-1468-
7, 2008. 
Leonelli C, Veronesi P, Denti L et a. Microwave assisted sintering of green metal parts. Journal 
of Materials Processing Technology 205 (2008) 489–496 
https://doi.org/10.1016/j.jmatprotec.2007.11.263, 2008. 
Li Y, Luo X, Hu S. Bio-based polyols and polyurethanes. SpringerBriefs in Green Chemistry 
for Sustainability,p.23-24. DOI 10.1007/978-3-319-21539-6-2, , 2015. 
Long J, Lou W, Wang L, Yin B, Li X. [C4H8SO3Hmim]HSO4 as an efficient catalyst for direct 
liquefaction of bagasse lignin: decomposition properties of the inner structural units. 
Chem Eng Sci 122:24–33, https://doi.org/10.1016/j.ces.2014.09.026, 2015. 
M, Balat. Mechanisms of thermochemical biomass conversion processes. Energy Sources, Part 
A, Part 3: Reactions of Liquefaction. 30:7, 649-659, 
DOI:10.1080/10407780600817592, 2008. 
  
41 
 
M. Hakkı Alma, Tufan Salan, Ertuğrul Altuntaş, Eyyüp Karaoğul. Liquefaction Processes of 
Biomass for the Production of Valuable Chemicals and Biofuels. Conference Paper · 
June 2013 International Convention Forest Products Society and, Society of Wood 
Science and Technology, 2013. 
M. Kobayashi, T. Asano, M. Kajiyama, B. Tomita. Analysis on residue formation during wood 
liquefaction with polyhydric alcohol. Journal of Wood Science. 2004, 50, 407, 2004. 
Menezes RR, Souto PM, Kiminami RHGA. Microwave hybrid fast sintering of porcelain 
bodies. Sintering of Ceramics - New Emerging Techniques 13(3):345-350 DOI: 
10.5772/34181, 2007. 
MF, Demirbas. Biorefineries for biofuel upgrading: A critical review. App Energy 86 (2009) 
S151-S161, 2009. 
Muller LC, Marx S, Vosloo HCM. Polyol preparation by liquefaction of technical Lignins in 
crude glycerol. J renew Mater 5: 67-80 https://doi.org/10.7569/JRM.2016.634130, 
2017. 
Nadji H, Bruzzèse C, Belgacem MN, Benaboura A, Gandini A. Oxypropylation of Lignins and 
preparation of rigid polyurethane foams from the ensuing polyols. Macromolecular 
Materials and Engineering 290(10):1009 - 1016 DOI: 10.1002/mame.200500200, 2005. 
O, Faix. "Classification of lignins from different botanical origins by FT-IR spectroscopy." 
Holzforschung, 1991: 45:21–28. https ://doi.org/10.1515/hfsg.1991.45.s1.21. 
O, Kappe. "Microwave dielectric heating in synthetic organic chemistry." Chem Soc Rev, 2008: 
37:1127–1139 DOI: 10.1039/b803001b. 
Pandey MP, Kim C S. Lignin Depolymerization and Conversion:A Review of Thermochemical 
Methods. Chemical Engineering & Technology.2011,34, No. 1, 29–41 
DOI:10.1002/ceat.201000270, 2010. 
Pua F L, Zakaria S, Chia C H, Fan S P, Rosenau T. Solvolytic Liquefaction of Oil Palm Empty 
Fruit Bunch (EFB) Fibres: Analysis of Product Fractions Using FTIR and Pyrolysis-
GCMS. Sains Malaysiana 42(6)(2013): 793–799, 2013. 
  
42 
 
Rezzoug S.A, Capart R. Assessment of wood liquefaction in acidified ethylene glycol using 
experimental design methodology. Energy Conversion and Management 44: 781–792, 
2003. 
Rodrigues, A., Pinto, P., Barreiro, F., Esteves da Costa, C.A., Ferreira da Mota, M.I., Fernandes, 
I. Polyurethanes from Recovered and Depolymerized Lignins. An Integrated Approach 
for Added-Value Products from Lignocellulosic Biorefineries: 35-116 
https://doi.org/10.1007/978-3-319-99313-3_3 , 2018. 
S, RunCang. Cereal Straw as a Resource for Sustainable Biomaterials and Biofuels. Amsterdam 
; Oxford : Elsevier, 253-256, 2010. 
Schwanninger M, Rodrigues JC, Pereira H, Hinterstoisser B. "Effects of short-time vibratory 
ball milling on the shape of FT-IR spectra of wood and cellulose." Vib Spectrosc , 2004 
: 36:23–40 https ://doi.org/10.1016/j.vibsp ec.2004.02.003. 
Sebhat W, Djakovitch P, Fongarland P. The Potential of a Continuous Process for the 
Valorization of Lignin in Aqueous Media Assisted By Heterogeneous Catalysts. 24th 
North American Catalysis Society Meeting, Jun 2015, Pittsburgh, United States. 〈hal-
01165558〉, 2015. 
Sequeiros A, Serrano L, Briones R, Labidi J. Lignin Liquefaction Under Microwave Heating. 
Journal of Applied Polymer Science 130:3292–3298 DOI: 10.1002/APP.39577, 2013. 
Sequeiros A, Serrano L, Briones R, Labidi J. "Lignin under microwave heating." J Appl Polym 
Sci, 2013: 130(5):3292–3298. 
Shengjun H, Xiaolan L, Yebo L. Polyols and Polyurethanes from the Liquefaction of 
Lignocellulosic Biomass. ChemSusChem 2014, 7, 66–72, DOI: 
10.1002/cssc.201300760, 2014. 
T, Beckham G. Lignin Valorization: Emerging Approaches. Royal Society of Chemistry. , 
2018. 
Tavassoli-Kafrani M.H, Curtis J.M, Van de Voort F.R. A single‐sample method to determine 
the hydroxyl values ofpolyols using mid‐FTIR spectroscopy. Eur. J. Lipid Sci. Technol. 
2015,117,65–72, DOI: 10.1002/ejlt.201400256, 2015. 
  
43 
 
Tien, Y. I., and Wei, K. H. Hydrogen bonding and mechanical properties in segmented 
montmorillonite/polyurethane nanocomposites of different hard segment ratios. 
Polymer 42(7), 3213-3221. DOI: 10.1016/S0032-3861(00)00729-1, 2001. 
Vlachos N, Skopelitis Y, Psaroudaki M, Konstantinidou V, Chatzilazarou A, Tegou A. 
Applications of Fourier transform-infrared spectroscopy to edible oils. Analytica 
Chimica Acta. 2006, 573, 459-465., 2006. 
Voort F R, Sedman J, Russin T. Lipid analysis by vibrational spectroscopy. European Journal 
of Lipid Science and Technology, 103, 815-825., 2001. 
Wang T.L, Hsieh T.H. Effect of polyol structure and molecular weight on the thermal stability 
of segmented poly(urethaneureas). Polym. Degrad. Stab., 55, pp. 95-102, 1997. 
Wertz JL, Richel A,Gérin P. Molécules issues de la valorisation de la lignine. Scientific 
Periodicals:Article. http://hdl.handle.net/2268/182162, 2015. 
William O S, Doherty AC Payam, M.A. and Fellows CM. Value adding to cellulosic ethanol, 
Lignin polymers. Industrial Crops and Products 33 (2011) 259–276 
https://doi.org/10.1016/j.indcrop.2010.10.022, 2011. 
X. Yuan, H. Cao, H. Li, G. Zeng, J. Tong et L. Wang. Quantitative and qualitative analysis of 
products formed during co-liquefaction of biomass and synthetic polymer mixtures in 
sub-and supercritical water. Fuel Processing Technology 90 (2009) 428–434 
doi:10.1016/j.fuproc.2008.11.005, 2009. 
Xie J, Zhai X, Yun Hse C, Shupe T F, Pan H. Polyols from Microwave Liquefied Bagasse and 
Its Application to Rigid Polyurethane Foam. Materials 2015, 8, 8496–8509; 
doi:10.3390/ma8125472, 2015. 
Xie S, Arthur J. Ragauskas, Yuan J.S. Lignin Conversion: Opportunities and Challenges for the 
Integrated Biorefinery. Industrial Biotechnology 12(3):161-167 DOI: 
10.1089/ind.2016.0007, 2016. 
Xiu, S. Zhang, B., Shahbazi, A. Biorefinery Processes for Biomass Conversion to Liquid Fuel. 
Biofuel's Engineering Process Technology, Dr. Marco Aurelio Dos Santos Bernardes 
(Ed.), ISBN: 978-953-307-480-1, InTech., 2011. 
  
44 
 
Xue BL, Wen JL, Sun RC. Producing lignin-based polyols through microwave-assisted 
liquefaction for rigid polyurethane foam production. Materials (Basel) 8:586–599. https 
://doi.org/10.3390/ma802 0586, 2015. 
Yadoji P, Peelamedu R, Agrawal D, Roy R. Microwave sintering of Ni–Zn ferrites: comparison 
with conventional sintering. Microwave sintering of Ni–Zn ferrites: comparison with 
conventional sintering. Mater Sci Eng B Solid State Mater Adv Technol 98:269–278. 
https ://doi.org/10.1016/S0921 -5107(03)00063 -1, 2003. 
Yan Y, Pang H, Yang X et al. Preparation and characterization of water-blown polyurethane 
foams from liquefied cornstalk polyol. J Appl Polym Sci 110:1099–1111. https 
://doi.org/10.1002/app.28692, 2008. 
Yang H, Yan R, Chen H , Lee DH, Zheng C. Characteristics of hemicellulose, cellulose and 
lignin pyrolysis. Fuel, 86(12-13), 1781-1788, , 2007. 
Yoshioka M, Nishio Y, Saito D, ohashi H, Shiraishi N. Synthesis of Biopolyols by Mild 
Oxypropylation of Liquefied Starch andIts Application to Polyurethane Rigid Foams. 
Journal of Applied Polymer Science.2013, DOI: 10.1002/APP.39167, 2013. 
Zakzeski J, Pieter C. , Bruijnincx A, Anna L. Jongerius B, Weckhuysen M. The Catalytic 
Valorization of Lignin for the Production of Renewable. Chemical Reviews 2010 110 
(6), 3552-3599 DOI: 10.1021/cr900354u, 2010. 
Zhang H, Ding F, Luo C, Xiong L, Chen X. Liquefaction and characterization of acid hydrolysis 
residue of corncob in polyhydric alcohols. Ind Crop Prod 39:47–51. doi: 
10.1016/j.indcrop.2012.02.010, 2012. 
Zhao, Y., Yan, N., and Feng, M. Polyurethane foams derived from liquefied mountain pine 
beetle-infested barks. Journal of Applied Polymer Science 123(5), 2849-2858. DOI: 
10.1002/app.34806, 2012. 
Zhen Fang, Richard L. Smith, Jr. Production of Biofuels and Chemicals from Lignin, Biofuels 
and Biorefineries. Springer, 2016. 
 
 
  
45 
 
 
 
 
 
 
 
 
 
Appendix A 
 
Table A.1 Summary of characterization (Liquefaction yield, IOH, An and viscosity) of 
the resulting polyols using microwave heating system 
  
Temperature Sulfuric 
acid 
ratio 
Liquefaction 
Yield (%) 
Viscosity (Pa·s) 
at 25°C 
Hydroxyl number (mg 
KOH/g) 
 Replicas Mean 
value 
Replicas Mean 
value 
Replicas Mean 
value 
Corrected 
IOH 
140°c 3% 99.05 
99.78 
99.41 0.778 
0.798 
0.897 304.57 
320.24 
312.41 323.27 
2% 99.22 
98.88 
99.05 0.929 
0.923 
0.926 305.30 
347.59 
326.49 329.85 
1% 97.77 
98.03 
97.90 0.778 
0.798 
0.788 402.23 
412.09 
407.16 407.40 
160°C 3% 98.98 
93.39 
99.18 0.867 
0.869 
0.868 314.27 
318.56 
316.42 329.22 
2% 98.21 
98.23 
98.22 0.767 
0.765 
0.766 345.57 
361.22 
353.39 357.19 
1% 97.53 
97.18 
97.36 0.766 
0.738 
0.752 402.90 
385.82 
213.36 - 
180°C 3% 99.29 
99.47 
99.38 0.661 
0.664 
0.662 293.02 
301.01 
297.01 313.44 
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Table A.2 Summary of characterization (Liquefaction yield, IOH, An and viscosity) of 
the resulting polyols using conventional heating system 
 
 
 
 
 
  
2% 99.32 
99.01 
99.16 0.630 
0.623 
0.626 324.70 
299.97 
312.33 318.52 
1% 97.30 
97.17 
97.23 0.630 
0.622 
0.626 379.98 
383.34 
381.66 - 
Temperature Sulfuric 
acid ratio 
Liquefaction 
Yield (%) 
Viscosity (Pa·s) at 
25°C 
Hydroxyl number (mg KOH/g) 
 Replicas Mean 
value 
Replicas Mean 
value 
Replicas Mean 
value 
Corrected 
IOH 
140°c 3% 99.01 
98.74 
98.88 1.703 
1.703 
1.703 210.06 
165.54 
187.80 196.21 
2% 97.42 
97.85 
97.64 1.055 
1.055 
1.055 259.83 
249,02 
254.43 254.72 
1% 94.51 
96.81 
95.67 0.829 
0.832 
0.83 262.91 
255.15 
259.03 259.40 
160°C 3% 99.00 
99.02 
99.01 1.276 
1.270 
1.273 271.89 
269.34 
270.61 282.30 
2% 98.42 
98.99 
98.71 0.997 
1.009 
1.003 307.79 
318.59 
313.20 - 
1% 97.72 
97.30 
97.52 0.773 
0.767 
0.77 289.67 
314.98 
302.33 - 
180°C 3% 98.42 
98.88 
98.66 83.759 
87.479 
85.619 193.93 
190.09 
192.01 196.93 
2% 96.26 
96.43 
96.35 61.869 
62.377 
62.123 210.55 
212.79 
211.68 - 
1% 97.34 
97.64 
97.49 0.994 
0.990 
0.992 293.99 
298.88 
296.44 - 
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Appendix B 
 
